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AUTHORS' ABSTRACT

Detailed calculations are made of the emissivity and the
coefficient of polarization of radio emission of moist ground in
the wavelength range from 0.8 to 226 cm and with moisture content
up to 30 percent. The calculations are bhased on experimental
moigture functions of electrical parameters of the ground. The
limits to the applicability of the approximation tg é=<1 are
indicated, The effect of atmospheric glow on the radiobright-
ness temperature and the coefficient of polarization of the radio
emission of moist ground is examined., It is shown that the wave-
length range 20-75 cm 18 obtimal for the measurement of moisture
content. A brilef review is glven of experimental data in the

literature,
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INTRODUCTION

One of the interesting and promising problems in remote
passive probing in the UHF range is the determination of the
moisture of earth cover and subsurface structures ZI, 2, 3, 4,

5, &/.

The present study gives detailed calculations of the radla-
tion characteristics as well ags of radicbrightness temperaturesl
of sandy and clay ground (of definite chemical composition and
density) as a function of moisture content of soil in a wide

wavelength range.

Similar calculations  in /2 7/ do not make allowance for
several essential factors that affect the emission of a medlum,
such as the quenching in moist ground, atmospheric glow, and
nonlinearity of the dependences of the dielectrilc permittivity
and coefficient of of absorption on moisture. Therefore the
calculations in /2_/ must be regarded as valid only to the first
approximation. The calculations described below are based on
experimental dependences of the electrical characteristics of
ground on moisture /7_/.

1 With allowance for atmospheric glow.
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RADIATION CHARACTERISTICS OF MOIST GROUND IN THE UHF
RANGE

A, Ye. Popov, Ye, A, Sharkov, and V. 3. Etkin

1. Blectrical Characteristics of Moist Ground

In /7 /7, sandy and clay ground at temperatures of 18-20°C
and molsture content up to 30 percent was investigated in the
wavelength range 0.8-226 cm. The sandy soil had a physical clay
content less than several percentages, a density 1.85 g/cm3, and
a total of absorbed (exchange) bases of calcium and magnesium
equal to 1.0-1.5 milligram-equivalents per 100 g absolutely dry
scil. The clay s0ill had a sand content less than 20 percent,
density 1.67 g/cm3, and total absorbed bases of calcium and mag-
nesium equal to 24.8-25.8 milligram-equivalents per 100 g abso-
lutely dry scoil.

Fig. 1 presents in its upper section the wavelength functions
of the dielectric permittivity, plotfed directly from the data
in 47;7, and in its lower part -- the wavelength functions of
tg & calculated from experimental values of atftenuation in soil
/7_/ (the solid line stands for sand, the dashed line stands for
clay). These functions show that in the range of wavelengths
shorter than 5-8 em, for moisture exceeding 3-4 percent,
sand cannot be consldered as material with low losges and cannot
be used in caleculation by appropriate simplifications, At the
same tilme, the approximation indicated (tg 6 << 1) i1s valid for
sand in the 10-200 cm range for all moisture contents up to 20-
25 percent. As for clay soil, losses in it cannot be assumed 1n
the 8 mm/- 300 cm wavelength range (that is, virtually over the
entire UHF range). These features must be taken into account in
calculations of the radiation characteristics of ground,
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It should be noted that the dependeénce of attenuation on mois-
ture approximated in Z§;7 by a linear function actually 1s more
complicated., For low moisture, there is a discontinuity in this
function in the value of the attenuation associated with change 1n 15
the carriler of attenuation in molst ground, initially this is
film moisture, and then free water /8, 9/. In complex soils con-
taining organic additives, humidificaticon will appear more complex
by virtue of the chemical interaction of free water with the form-
ing soil skeleton, analogous to the humidification of c¢lay where
most of the attenuation (in meter range) is due to admlxtures
dissolved in the water (Fig, 1).

2, Emissivity and Radiobrightness Temperature of Moist Ground

The radichrightness temperature Tbr of radiation from & semiinfinite
medium with a smooth surface and an arbitrary distributlon depth-
wise of dielectric permittivity EL2)= &, g{ﬁ.-@ifgg') / and physical
temperature T(s) (8 = depth) is determined by the equality /I, 10/:

Tbr = ¥ Tef + | R

A T (2)

12T

1 (1)

where 7 1is the emissivity of the medium, R ig the complex coeffi-
p : [ o - e
cient of reflection, Tef =F;{&dg&ﬂﬁﬁéf§y@ﬁa%ﬁ&i (3)

is the effective temperature of the radiating layer, ¥ (&) is the
coefficient of absorption of the medium, and TH is the brightness
temperature of the atmogphere., The value of Tef determines the
energy flux formed in the medium, and ¥ characterizes the fraction
of this energy escaping through the interface,

In /I1/ it is shown that the soil inhomogeneities actually
encountered in natural conditions deptiwlse weakly affect emissivity,
and, the effect of inhomogenelty becomes substantial only for dry [é
ground at wavelengths longer than 60 cm, therefore we consider only

depthwise homogeneous soil,
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The isothermal (depthwise) medium is the simplest, and an
important specific case of Eg. (3): T(&) = TO. The distribution
with respect to the surface coordinates T(x, y) can in princlple
be arbitrary., And it is not difficult to show that the main
contribution ( .~ 90 percent) to the radio emlssion of a semi-
infinite medium is made by a finite effectlve layer, whose thick-

ness in the case y(=s) = Yy = const is:
ﬁef o 2-3/70: 2(4)
papre neper-m_l o

2w fﬂ,(ﬂ;;%ﬁg £) )

where X 1s the wavelength of air, and & 1is the angle of elec-
trical logses in the radiating medium. The calculated wvalues of
the quantity ﬂef/% at 10 percent moisture is 4,5 (1) for sand
(clay) in the 20 cm rangs, and in the 75 cm range -- 5.3 (0.53).

Since we are considering an isothermal medium with a smooth
surface, 1its emissivity § 18 entirely determined by the complex
dielectric permittivity e and for observations at the nadir,

we have

.{eﬁcasc mi
& + ot d- 4 a\/gmy’mﬁg (5)

Fig, 2 gives the dependences - calculated based on Eq. (5)
-- of the emissivities of clay {a) and of sand (b) on moisture
for several wavelengths., The contribution to the emissivity of
a medium from the 1maginary part of ¢ represents a relative
value up to 30 percent for a moisture of about 20 percent, and
therefore this contribution cannot be neglected@.

2 Usually 1n experimental studies, v is given in db/m;
(db/m) = 8.7 v (neper/m).
3 /on following page/



From an analysis of the plots in Fig. 2, it is clear that
for small (m <« 5 percent) and large (m > 1 percent) moisture
values, the dependence of X(m) deviates appreciably from the
linear. We can speak about the linearity of these functions
(and also in the case of the isothermal model, about the radio-
brightness temperature) only in a restricted range of moisture
values, approximately from 5 to 15 percent, where its interval
depends on the working wavelength range and on the type of ground.
When there are large variations in moisture, we must use the graphs
in Fig. 2 as calibration curves. From the practical standpoint,
it is important to know the variation in ¥ (or in the radio-
brightness temperature) per percent of moisture change.

Estimates of change in radiobrilghtness temperature per percent
of moisture without taking atmospheric glow into account in the
lirear section of the plot for T, = 300CK yield, for clay soil
at the wavelength 226 em -- 8,3 degrees per percent, for 90 cm ~--
7.2, for 10 em -- 6,3, for 3 ecm -- 5.7, and for 0.8 em -- 5,1,

For sandy ground, fthis wvalue is practlecally constant over
the entire range of wavelengths considered and is about 6°K. For
moisture higher than 15 percent, at all wavelengths a sharply:
nonlinear section of gaturation commences, where principally the
malin contribution to radio emission is glven by the aqueous solu-

ticn.

3 In the calculations given in /2 7 of the analogous functions,
first of all the effect on ¥ of the Imaglnary part of the di-
electric permittivity was not taken into account; secondly, €1
was assumed to be proportional to moisture at all moisture wvalues.
Accordingly, the pPlots given in Z§;7 must be considered as
approximate, especially for small (m < 5 percent) and large

(m > 15 percent) moisture values,



Fig. 3 gives themoisture dependence of radiotrightness temperature /_8
with allowance for atmospheric glow, calculated by Eq. (1) for
Tef = 300°K (the solid line corresponds to sand, and dashed --
to ¢lay). The noise temperature of the atmosphere Ty at the
zenith /127 does not exceed 10°K in the 3-30'cm range, whlle for

further increase in the wavelength it rises sharply to 5OOOK at
X = 300 cm 4. The presence of atmospheric glow makes the functions

T, . (m) (Fig. 3) more gradual than without allowance for glow, and
this effect, not very appreciable for wavelengths from 3 to 30 cm,
for x= 226 cm leads to the virtually complete independence of

the radiobrightness temperature of the ground (both sand as well
ag clay) of molgture. The variation in the brightness temperature,
for a 1 percent change in moisture, in this case at wavelength

90 cm is 6.7 (4.2) degrees per percent for sand (clay), 7.1 (6.2)
-- ata wavelength of 30 cm, and 6.5 (6.0) -- at 3 cm.

These estimates show that the maximum value is attained by
ATbT/bm in the decimeter range (at wavelength of the order of
10-20 cm).

3, Polarization Characteristics of Moist Ground

Complete expressions for the vertical ( ¥ ) and horizontal
( Ih) components of emissivity for an arbitrary angle of observa-
tion 6 (the measurement of 0 is made from the vertical) and for
a homogeneous gemiinfinite medium with arbitrary losses can be
wrltten as:

Ty = . 4B8leen 8 eos (5 2) (7)
@* +féffces™ 8 + BEfifcos & cn (FFy

ErWith increase 1In the angle of observation © (as one approaches

the horizon), the noise temperaturé of the atmosphere rises: T, =
Tz/cos 8 , where TZ is the temperature at the zenith ( & = OO).'
This formula is sufficiently exact up to angles 8 < 85° /127,
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I == 4B cos Beos £ (8)
h =~ é2+cos*é + 28co Ocad

A a g S a T
£= i](f‘-ﬁﬂza)z.Lg’z g?zdﬂ ¢

7
» y 8

The coefficient of polarization P is defined by the relation

VAwA

b= (Tbr,v - Tbr,hJ/(Tbr,v * Tbr,h)* (9)

The effect of temperature for any angle of observation 1s

210/
T p = f‘[‘ @) a"(.z) see 5'85&/-:[;’(2”)”‘:‘92'?_7“@ (10)

where o' is the angle of incidence of the radiation at the inter-

face of the media: 1t 1s associated with the angle of observation
® in the first medium (vacuum or air) by the law of refraction
(tg 6 =<1 is assumed for the radiating medium) /10/:

) “sin' (11)

Since T_, in (10) does not depend on the kind of polariza-
tion, (9) becomes simplified:

P=(x, - 1,0/ 3, + x,). (12)

Hence followg an important conclusion: the coefficient of
peolarization does not depend on the depth profile of the thermo-
dynamlc temperature of the semiinfinite layer.

Calculations based on Egs. (7), (8), and (12) show that the
dependence of the polarization coefficlent on moisture (Fig. 4)
is linear, with a s8lope of about’'l percent per 1 percent of mols-—
ture for clay, and 0.6-1.0 percent per 1 percent moisture for
sand up to moisture values of 15-20 percent, after which the

tendency to saturation again begins to be manifested., If the



radiometriec system permits distinguishing the variation per 1 per-
cent of the coefficient of polarization (here wea have in mind not
the relative percentages, but the percent as a unit of measurement
of the coefficient of polarization), then when 8 = 45°, we can
with confidence distinguish the order of ten gradatlons of mois-

ture from O to 20 percent.

Let uvs estimate the effect of the atmospheric glow on the
polarization measurements. Substituting in (9) Eg. (1) with
subscripts at T and R, correspohding to the vertical in hori-
zontally polarized components of radiation, and referring to (2),

we get

p=—JV b . (13)
I + %, 4—2fh
v h Tef - Th

In Fig. 5, the so0lld line represents the dependences of the

coefficient of polarization P, calculated by Eg. (13), on the
angle of obgervation and on the wavelength for clay with a 10 per-
cent moisture (Tef = 300°K).

The dashed line denotes these same functions without allowing
for atmospheric glow (Eq. (12)).

As we can see in Fig., 5a, the difference between the values
of the coefficient of polarization with allowance for glow and
the same values without allowance for glow reaches maximum (more
than 30 percent when x= 0,8 em, 0= 8000). At large angles of
observation (6 > 80°), a maximum appears in the function P(9),

5

and then a decline -,

5 A similar effect was encountered in an examination of the polari-
zation characteristics in the centimeter range {(near the line of
absorption of Water), with allowance for the increase in the

atmospheric temperature with rise in the angle of observation

/13, 14/.



For each angle of observation (see Fig. 5b), there is some le
critical wavelength xcr at which the-coefficient of polarization
tends to zero, which corresponds to the cage TH = Tef' This wave-
length Xcr mainly lies in the range 1.5-2,5 m and increases with

decrease in the angle of observatiocn.

L, Several Methodological Comments

From Fig. 2 and the estimates of ATbP/Am without allowance
for atmogpheric glow, we can see that emisggivity 1n the long-
wave gection of this range is most sengitive to chanhge in molsture,
and with increase in the wavelength the effective depth of radia-
tion also rises, that is, the depth of probing.

However, fthe abrupt rise at long wavelength in the effect[of
atmospheric glow limits the optimal wavelength range to about
50-80 cm. In addition, use of the meter waves is restricted by
the posggibilities of housing large antenna systems on an airplane
or a spacecraft /3_/, therefore evidently we must consider the
decimeter range of UHF to be optimal.

To determine the total moisture content in a specific type
of ground, we can propose the following procedure: after carto-
graphic tie-in of radiobrightness temperature data and infrared
sensor data, the emissivity of the element of resolution is
determined, and then its moisture (with allowance for the ground
type). Knowing the working range of wavelength and the moisture,
let us determine the effective depth of radiation (see Eq, (4))
and the volume of The element of resclution V = Sﬂef (S is the
area of the averaging spot on the surface beilng examined), If we
know the structure of dry ground {(for example, the specific weight
of the soil skeleton 8oy or the specific weight go and porosity
n), we can estimate the total moisture content Qp of the volume
of the element of resolution, using the relation /12

/TFootnote & on following page/



q. = sﬂefg$k(o.01 m) = Sfefgo(l - n)(0.01 m).

m
Thus, when soil maps (soil cadastres) of the region under
study are availlable, effective determination of the moisture and
monitoring of its variation are possible, Thisg possibility can
be highly useful determining the schedules of agricultural work,
when areas in need of Iirrigation appear, and in other require-

ments,

When IR radiation is absorbed by clouds, for onboard measure-
ments it is necessary to develop methods of determinlng temperature
and moisture by simultaneous measurements at several wavelengths
in the UHF range.

5. Review of Experimental Data

Fxperiments whose results were published in /I11/ are the
closest (in the sense of the laboratory method of their executi¢n).
This study gives the followﬁng experimental values for the emis-
sivity of dry river sand of medium granularity, with an even
surface: at the wavelength 1.6 cm -~ 0.933, and at 0.8 cm -=-

0.939. At the wavelength 3.2 cm, the emigsivity of moist sand
is as follows: for 3.4 percent of moilsture -- 0,927, for 10 per-
cent moisture -- 0,703, and for 14,5 percent moisture -- 0.655.
The corresponding values were calculated are 0,93 for dry sand
in both wavelengths; 0.883, 0.75, and 0,67 for wet sand.

From the data of Onboard experiments /I5/, at the wavelength
0.95 cm the change in Tbr
which agrees well with our calculations (See Section 2). /13

per percent change in moisture is 5-6°K,

6 1In deriving thils relatlon, we usged the definition of porosity
n = (do ~ dsk)/(dsk); the specific weight of the soil skeleton
is equal to the ratio of the weight of the mineral portion
(skeleton) of the rock to the total volume (including the volume

of the pores /B /).



Typical experimental values of the sensitivity of the radio-
brightness temperature to change in moisture, gilven in a brief
review 45;7 are 3—5OK per percent in the 0.8-20 cm range for a
total drop in Tbr of 1OOOK, with variation in moilsture from 5 to

25 percent.

In the state of Arizona a cartographic survey was made of
agricultural lands by using a scanningl radiometer at the wave-
length 1.55 cm (19.35 GHz) mounted on an aircraft (flight alti-
tude 1 km) ZI§7. The process information was represented in the
form of a colored map, where each of the five colors denotes a
different degree of wetness. The dry section (6 percent moisture)
had a radiobrightness temperature of ETBOK, and the wettest (35 per-
cent) -- 220°K,

Thus, to each color gradation there corresponded an appro-
ximately 10°K drop in the radiobrightness temperature and about
a & percent drop in the molsture. According to the onboard IR
observations, the thermodynamic temperature of the Eaﬁthfs]surface
was 291 i_MOK, the indeterminacy 1n the measurement oﬁ the radio-
brightness temperature was 5-6°K. '

The results of the guantitative measurements in the study
are approximated by the linear dependence of the radiobrightness
temperature on moilsture, which is acceptable only for moisture
values !from 5 to 15 percent. This can account for such a low
value of the quantity aprﬁam ~ 1,7,

The electrical characteristics of soll ir this study are
not indicated, therefore any direct comparison with our calcula-
tions is difficult. We can only note that the trend Loward a
decrease in the slope of the linear part of the curve ¥ (m) with
increase 1n the working frequency is cléarly observed also in
our calculations, however the size of this coefficient is three
to four times higher than 1in the study cited. Zlﬂ



Polarization experiments aimed at a quantitative anhalysis
of' the moisture functions of the emissivity of different polari-
zations and of the polarization coeffiecient are few in the llitera-
ture. We can poilnt to the experimental dependences of horizontally
and vertically polarized components on the angle of observation
for three degrees of moisture (12 percent, 21 percent, and 30 per-
cent) obtained with a radiometer in the 13.5 GHz range in arid
regions of the United States /5, &/. These curves correlate
qulte well with our calculated functions, but since the experi-
mental details have not been presented, it is difficult to make

a quantitative comparison.

The first methodclogical satellite experiment showing the
possibility of using multifrequency radiometric methods for prob-
lems of determining the degree of moisture in earth cover was
conducted on the Kosmos 243 AES /artificilal earth satellite/.

Even in the first publications (for example, £$Z7), profiles of
the radiobrightness temperatures are given for several regions

of the globe, which permit a clear distinguishing of large areas
with wetness (swamped river deltas, oases, and dried-out rivers

in deserts), and also to roughly estimate the degree of wetness
from the depression of the radiobrightness temperature. A closger
combined study of ground (moisture monitoring) and onboard
(amalysis of the field of UHF radio emission) data led the authors
of /18/ to the following interesting results. With a large space-
time averaging (a spot on the earth's surface was about 2000 kmg),
the emisgsivity of the cultivated-landscape of the European part [li
of the USSR (September 1968) in the 0.8 cm range in general was
independent of moisture, and the radiobrightness temperature
correésponded to the thermodynamic temperature with a correlation
coefficient of 0.92.

This indicates that with large averaging for the 0,8 cm range
and shorter, the cultivated landscape 1s a diffuse (Lambertian)
surface. At longer wavelength8(3.4 and 8.5 cm), analysis of the

experimental data in /I87 was carried out by constructing over a
11



12

wide interval of moisture values (from 10 to 40-45 percent) a
linear regression, which has a slope in these ranges of about
O.T—O.8OK per percent of moisture charige,

Conclusionsg

1. The contribution to the emissivities due to attenuation
in moist sand in the wavelength range shorter than 0.5 cm and in
moilst clay in the wavelength range 0.8-300 cm is very appreciable,
and the approximation tg 6<€1 cannot be used in calculations.

2. The dependence of emissivity and the coefficient of polari
zation of moist ground on moisture can be assumed linear in the
range of moisture values 5-15 percent. Outside this interval,

the functions are nonlinear.

3. Atmospheric glow fundamentally limits the range of wave-
length applicable for remote methods to wavelengths  of the

ocrder of 1 meter,

The presence of atmospheric glow reduces both the sensitivity
of the radiobriéhtness temperature to molsture change (especilally
at wavelengths above 80 ecm}, as well as the angular dependence
of the coeflicient of polarization and leads to the appearance of
maximum and this function at the angleg of incidence 70-850.

L, We can regard the decimeter range (20-75 cm, depending on
the required probing depth) as optimal for passive remote probing
of molst structures.

/16
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Fig. 1. Dependence of real part of dielectric

permittivity and loss tangent on wavelength for

different soll moisgture content; solid line --
sand; dashed line -- clay
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Fig. 2. Dependence of emissivity of clay (a) and of sand (b)
on molsture for various wavelengths
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Fig. 3. Radiobrightness temperature of

moist sand (solid line) and clay (dashed

line) with allowance for atmospheric glow

ag a function of moisture for several
wavelengths
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Fig. 4. Coefficient of  polarization

of the radio emission of clay (a) and of sand (b)
without allowance for atmospheric glow, as a
function of moisture for different wavelengths.

Angle of observation

8 = 450
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Fig. 5. Coefficient of polarization of the
radio emission of clay with 10 percent
moisture as a function of angle of obser-
vation (a) and wavelength (b), with allowance

for atmospheric glow; Tef' = 300° K,
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